The dynamics of the H+D₂O→OD+HD reaction at 2.5 eV: experiment and theory by Brouard, M. et al.
The dynamics of the H + D 2 O → OD + HD reaction at 2.5 eV: Experiment and theory
M. Brouard, I. Burak, D. Minayev, P. O’Keeffe, C. Vallance, F. J. Aoiz, L. Bañares, J. F. Castillo, Dong H. Zhang,
and Michael A. Collins 
 
Citation: The Journal of Chemical Physics 118, 1162 (2003); doi: 10.1063/1.1528896 
View online: http://dx.doi.org/10.1063/1.1528896 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/118/3?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Product spin–orbit state resolved dynamics of the H + H 2 O and H + D 2 O abstraction reactions 
J. Chem. Phys. 121, 10426 (2004); 10.1063/1.1809578 
 
State-to-state dynamics of H+HD→H 2 +D at 0.5 eV: A combined theoretical and experimental study 
J. Chem. Phys. 116, 4769 (2002); 10.1063/1.1461818 
 
The dynamics of the reactions H+H 2 O→OH+H 2 and H+D 2 O→OD+HD at 1.4 eV 
J. Chem. Phys. 114, 6690 (2001); 10.1063/1.1356008 
 
The H+N 2 O→OH( 2 Π 3/2 , v ′ ,N ′ )+ N 2 reaction at 1.5 eV: New evidence for two microscopic mechanisms 
J. Chem. Phys. 110, 11335 (1999); 10.1063/1.479074 
 
Experimental and quantum mechanical study of the H+D 2 reaction near 0.5 eV: The assessment of the H 3
potential energy surfaces 
J. Chem. Phys. 108, 6160 (1998); 10.1063/1.476060 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
130.56.106.27 On: Mon, 12 Oct 2015 05:06:47
The dynamics of the H¿D2O\OD¿HD reaction at 2.5 eV:
Experiment and theory
M. Brouard, I. Burak, D. Minayev, P. O’Keeffe, and C. Vallance
The Physical and Theoretical Chemistry Laboratory, The Department of Chemistry,
University of Oxford, South Parks Road, Oxford, OX1 3QZ, United Kingdom
F. J. Aoiz, L. Ban˜ares, and J. F. Castillo
Departmento de Quı´mica Fı´sica, Facultad de Quı´mica, Universidad Complutense, 28040 Madrid, Spain
Dong H. Zhang
Department of Computational Science, The National University of Singapore, 119260, Singapore
Michael A. Collins
Research School of Chemistry, Australian National University Canberra, ACT 0200, Australia
~Received 29 August 2002; accepted 23 October 2002!
The title reaction has been studied both experimentally and computationally at a mean collision
energy of 2.48 eV. OD quantum state populations, rotational alignment parameters, rovibrational
quantum state-resolved center-of-mass angular scattering distributions and HD co-product internal
energy release distributions have been determined, along with OD quantum state averaged energy
disposals. The experiments employ pulsed laser photolysis coupled with polarized Doppler-resolved
laser induced fluorescence detection of the radical products. The OD angular scattering distributions
show a preference for scattering in the forward direction, and are quite different from those observed
previously at the lower collision energy of 1.4 eV. So too are the kinetic energy release distributions,
which reveal that the HD co-products are born significantly more internally excited at 2.48 eV than
at 1.4 eV. The HD internal energy distributions obtained from analysis of the Doppler resolved
profiles are in reasonable accord with that derived from the direct HD population measurements
performed by Zare and co-workers @J. Chem. Phys. 98, 4636 ~1993!# at collision energies around 2.7
eV. The data are compared in detail with the results of new quasi-classical trajectory ~QCT!
calculations employing two alternative potential energy surfaces ~PESs!, as well as with the results
from previous QCT studies of the title reaction by other workers. Refinements to the most recent of
the PESs employed here, that developed using the iterative methods of Collins and Zhang and
co-workers @J. Chem. Phys. 115, 174 ~2001!#, are also described. The theoretical results obtained
using this refined PES agree very well with many of the experimental observables, and the surface
appears to be a significant improvement on those previously developed. However, even with this
new PES, the QCT calculations at 2.48 eV overestimate the internal excitation of the HD products.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1528896#
I. INTRODUCTION
The reaction
H1H2O→OH~v8,N8!1H2 ~1!
has played a key role in the development of reactive scatter-
ing theory. There are now several versions of the ground
electronic state potential energy surface ~PES! available,1–10
produced using a variety of semi-empirical or ab initio meth-
ods, and both quasi-classical trajectory ~QCT!4,11–18 and
quantum mechanical ~QM! scattering calculations7,19–29 of
ever-increasing sophistication have been performed on them.
A large body of experimental data is also available with
which to compare theoretical predictions. The majority of
this experimental work has been devoted to measuring quan-
tum state populations and reaction cross-sections ~or rate co-
efficients! for the forward reaction between H atoms and
either vibrationally cold30–35 or vibrationally excited35–37
water molecules. The molecular frame alignment of vibra-
tionally excited H2O molecules generated by inelastic scat-
tering between thermal water molecules and translationally
excited H atoms has also been observed by Leone and
co-workers.38 Much of this experimental and theoretical ma-
terial has been the subject of recent review.39–45
In spite of all this activity, apart from reports from the
work of Brouard et al. on the product OH~OD! quantum
state-resolved scattering dynamics of the forward reaction
between H and H2O ~Refs. 46 and 47! and H1D2O ~Ref. 47!
at collision energies close to 1.4 eV, there have been only
two measurements of angular scattering and kinetic energy
release distributions for this system. Both of these have fo-
cused on the reverse reaction between OH and D2 at energies
just above threshold. Casavecchia and co-workers employed
the crossed-molecular beam method,48,49 while more recently
Davis and co-workers50 studied the same reaction using the
D atom Rydberg tagging method. In the latter case, Davis
and co-workers were able to obtain the angular scattering
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distribution with HOD product vibrational quantum state
resolution.50
We focus here on the scattering dynamics of the isotopi-
cally substituted reaction
H1D2O→OD~v8,N8!1HD DrH0Õ565.5 kJ mol21
~2!
at collision energies close to 2.5 eV ~[240 kJ mol21!, about
1.5 eV above the reaction barrier ~the thermochemistry is
based on a recent re-evaluation by Ruscic et al.51!. This par-
ticular isotopic variant has been studied previously, princi-
pally by the group of Wolfrum and co-workers, who used hot
H atom experiments similar to those presented here to deter-
mine reaction cross sections and OD rotational quantum state
population distributions.31 Zare and co-workers have used
resonantly enhanced multiphoton ionization ~REMPI! tech-
niques to provide a direct determination of the HD quantum
state populations34 at collision energies centered around 2.7
eV. They have also determined OD rotational distributions at
a collision energy of 1.5 eV, both for the reaction with
ground state D2O, and with vibrationally excited D2O.35 As
noted above, Brouard et al. have compared the scattering
dynamics of reaction ~2! with that of reaction ~1! at a colli-
sion energy of 1.4 eV.47 Much of the data from that study
have been compared with the results from QCT calculations
on several recently developed potential energy surfaces
~PESs!.4,13,15–18 Although these calculations account qualita-
tively for some features of the experimental results, to date
none of them are able to reproduce all aspects of the experi-
ments.
We will present both experimental and QCT calculated
OD rotational quantum state population distributions, rota-
tional angular momentum alignment parameters, and quan-
tum state-resolved angular scattering and kinetic energy re-
lease distributions for reaction ~2! at a collision energy close
to 2.5 eV. The experimental data have been obtained using
the photon-initiated reaction technique, coupled with polar-
ized, Doppler-resolved laser induced fluorescence ~LIF!
detection.52,53 The QCT calculations have been performed on
two different PESs, that by Ochoa and Clary ~henceforth
referred to as the OC PES!,3 and a refined version of that
developed using iterative methods by Yang, Zhang, Collins,
and Lee ~the YZCL2 PES!.7,9,10 In Sec. II we outline the
experimental, data analysis and computational procedures
that have been employed. Refinements to the YZCL2 PES
are also described. In Sec. III the results are presented and
discussed in the light of the new QCT theoretical data, and in
the light of previous experimental and theoretical work. In
particular, where calculations are available,4,15,16 we also
compare the experimental data with those predicted using the
PES of Schatz and Harding and their co-workers ~known as
the WSLFH PES!.4
II. METHOD
A. Experimental procedures
The experimental procedure has been described
previously.46,47,54 Polarized laser photolysis of HBr at l.193
nm was used to generate translationally excited H atoms,
yielding a mean collision energy of ^Et&52.48 eV ~FWHM
;0.21 eV!, with a mean translational anisotropy parameter
close to b.21.0.55,56 The collision energy distribution is
bimodal ~with peaks at 2.11 eV and 2.55 eV!, due to the
spin–orbit splitting in the ground state of the Br atom, but
the population in the excited spin–orbit state, which is re-
sponsible for the slower H atoms, is only 15%.55–57
The HBr precursor and D2O target molecule gases in a
1:1 ratio were flowed through separate inlets into the reaction
chamber at a total pressure p<100 mTorr. The delay t be-
tween the photolysis and probe laser pulses was ;50 ns.
These conditions yield pressure times time-delay values of
p3t;5 Torr ns, similar to those achieved in our previous
studies,46,47 and sufficiently stringent to ensure single colli-
sion conditions. OD(v850) radicals were probed on the 0–0
band of the A←X transition using polarized, narrow-band
radiation at wavelengths around 310 nm: the etalon narrowed
dye laser bandwidth was determined to be 0.09560.010
cm21 using procedures discussed in detail previously.54 LIF
signals were detected through a 310 nm interference filter
with a ultraviolet ~UV! sensitive photomultiplier, and trans-
ferred to a microcomputer for shot-to-shot normalization and
signal averaging. To improve the signal-to-noise ratios, ap-
proximately 20 scans of the Doppler-resolved profiles were
recorded in each of the laser pump–probe geometries A, B,
and D.58 Broad-band spectra were assigned and populations
determined using output data from the program LIFBASE.59
Great care was taken to avoid complications that might arise
due to signal saturation, and the broad-band spectra were
corrected for the transmission curve of the interference filter.
The method used to obtain the rotational angular mo-
mentum alignment data has also been described elsewhere.54
The photolysis laser radiation was first polarized using a
Rochon polarizer, after which it passed through a photoelas-
tic modulator, which enabled the polarization to be switched
on alternate laser shots. Broadband scans of isolated LIF
transitions were performed with the photoelastic modulator
switching between pump–probe geometries A and B.58 The
LAB frame rotational alignment parameters A0
2(LAB) were
determined from the ratio of integrated line-intensities ob-
tained in the two geometries, using the line strength equa-
tions developed by Greene and Zare.60,61
In the semiclassical limit, the LAB frame rotational
alignment can be related approximately to the rotational
alignment in the CM frame via the equation62
A0
2~LAB!5 25b^P2~ vˆHjˆ8!&. 25b^P2~kˆjˆ8!&5 25ba02, ~3!
where b is the translational anisotropy parameter character-
izing the reactant H atom angular distribution,55,56 and vH is
the velocity vector of the hot H atom. Formally, the LAB
frame rotational alignment is referenced to the H-atom ve-
locity, vH , rather than to the relative velocity, k. However, in
the present system vH@vD2O , such that vH’k, and therefore
Eq. ~3!, together with the knowledge that the translational
anisotropy parameter for the photodissociation of HBr is
21.0,55,56 can be used to effect an approximate transforma-
tion from the LAB to the CM frame. Finally, additional ro-
tational alignment data were obtained at a collision energy of
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1.4 eV, using 225 nm photodissociation of H2S as the source
of hot H atoms, as described in detail in Refs. 46, 47, and 54.
B. Doppler profile analysis
Composite Doppler profiles, which depend separately on
moments of the joint LAB velocity-polarization distribution,
were constructed from linear combinations of sets of experi-
mental data61,63 recorded using the counter-propagating
~cases A and B! and mutually orthogonal ~case D!
excitation–detection geometries, and Q↑ and P/R↑
transitions.58,61 The composite Doppler line shapes ~suitably
convoluted with laser line-shape function! may be written as
functions of the component of the product velocity along the
probe laser propagation axis, vp :63
D0
K~k1 ,k2 ;vp!5E
v5vp
‘ 1
2v b0
K~k1 ,k2 ;v !Pk1S vpv D dv ,
where b0
K(k1 ,k2 ;v) are the rescaled laboratory frame bipolar
moments,63 averaged over the spread of atomic and molecu-
lar reagent velocities, and the Pk1 are Legendre polynomials.
The center-of-mass ~CM! angular and kinetic energy re-
lease distributions were determined by a least-squares-fitting
procedure to the LAB speed dependent composite profile,
D0
0~0,0;vp!5E
v5vp
‘ 1
2v b0
0~0,0;v !P0S vpv D dv ,
and the LAB anisotropy dependent profile,
D0
2~2,0;vp!5E
v5vp
‘ 1
2v b0
2~2,0;v !P2S vpv D dv ,
using a series of basis functions, as described in detail
previously.46,54 The analysis yielded the moments, anm , of
the joint CM distribution in scattering angle, u t , and frac-
tional energy release into translation f t
P~u t ,w ![P~u t , f t!Udf tdwU
5
1
4 (n ,m anmPn~cos u t!Pm~ f t8!Udf t8dwU ,
where w is the CM speed of OD, and
f t85~2 f t21 !,
Udf t8dwU52M mODmHD wEt ,max8 ,
and Et ,max8 , the maximum possible kinetic energy release, is
given by
Et ,max8 52DrH0
Õ1Et1ED2O2EOD . ~4!
M in these equations is the total mass, and ED2O and EOD ,
appearing in the final expression, are the average internal
energy of the thermal D2O precursor and the fixed internal
energy of the probed OD level, respectively. As in the QCT
calculations ~see below!, the CM scattering angle u t is de-
fined so that rebound dynamics corresponds to backward
scattered OD products. The moments of the CM distribution
were assumed to be independent of the comparatively nar-
row spread of reactant relative speeds, vr . As noted in our
previous reports,46,47 satisfactory fits to the data could be
obtained assuming a joint CM distribution of separable form,
for which the anm coefficients may be set equal to an3bm .
Converged fits to the data were obtained with three moments
in cos ut and four moments in f t . Finally, the error limits on
P(cos ut) and P( f t) were determined using a Monte Carlo
technique, described in detail elsewhere54 ~see also discus-
sion in Sec. III!.
C. Potential energy surface
The YZCL2 PES10 is given by a weighted, wi , average
of second order Taylor expansions, Ti , centered at data
points scattered throughout the configuration space of the
system,64–67
V5 (
gPG
(
i51
Ndata
wg+iTg+i . ~5!
Here, G denotes the symmetry group of the molecule, the
complete nuclear permutation inversion ~CNPI! group, and
g+i denotes that the ith data point is transformed by the
group element g. The sum over gPG means that all permu-
tationally equivalent data points are included in the data set,
so that the PES of Eq. ~5! exhibits the full molecular sym-
metry. In this context, the H and D atoms are indistinguish-
able. The data which defines the YZCL2 PES was con-
structed using an established iterative procedure64,65 that
selects data geometries from molecular configurations en-
countered in classical trajectory simulations of the reactions.
These simulations were originally carried out at a range of
translational energies no higher than 2.1 eV. Therefore, to
improve the accuracy of this PES at configurations appropri-
ate to the present experiments, the iterative construction of
the PES was recommenced with simulations of H1H2O col-
lisions carried out at a relative translational energy of 2.45
eV. The H2O molecule was given a microcanonical distribu-
tion of vibrational energy approximately equal to the zero
point energy ~0.57 eV!, with no rotational angular momen-
tum. Using the standard iterative method, 122 new data
points were added, giving a total of 2037 data points ~the
modified PES is available on request!. The additional data
points were initially constructed for the YZCL1 surface us-
ing the QCISD~T!/6-31111G(3d f ,2pd) level of theory for
the electronic energy, and first and second derivatives of the
energy. The energy ~only! of each data point was then re-
placed by the more reliable value obtained at the UCCSD~T!/
aug-cc-pVQZ level of theory, which defines the data set of
the YZCL2 PES. The new data points have energies mostly
in the range between 1.0 eV and 2.5 eV above the zero point
energy of H1H2O. Classical trajectory calculations show
that this modification of the PES appears to have only a very
1164 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Brouard et al.
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small effect on the integral cross section for the abstraction
reaction, even at high energy. However, the cross section for
exchange in H1H2O is increased by about 20% at 2.48 eV.
D. Computational method
The QCT methods employed here have been described
previously in detail in Refs. 17, 18, and 68. Batches of
25 000 trajectories were propagated for each collision energy
in the range 0.9 to 2.2 eV. At Et52.48 eV a batch of 400 000
trajectories was run using the YZCL2 PES and 150 000 using
the OC PES. A total of about 1700 reactive trajectories were
found in both batches at this collision energy. The maximum
impact parameter was set at 1.5 Å, and the initial distance
from the H atom to the D2O molecule was 8 Å. The ground
vibrational state of the rotationless D2O reagent was deter-
mined by means of a vibrational action calculation,69 where
actions were converged to 0.05 \. Integration of the equa-
tions of motion was carried out using a modified version of
the VENUS96 program,70 A time step of 0.025 fs was em-
ployed, which gave a conservation of energy better than 1 in
105. The pseudoquantization of the final diatomic products
has been performed by equating the modulus of the classical
rotational angular momentum to Aj8( j811)\ . With the
~real! j8 value so obtained, the vibrational quantum number
v8 was found by equating the internal energy of the molecule
to a rovibrational Dunham expansion in (v811/2) and
j8( j811), whose coefficients were calculated by fitting the
semiclassical or quantum rovibrational energies given by the
asymptotic diatomic potentials of the PES. The integral cross
sections, product quantum state distributions and differential
cross sections for the H1D2O reaction have been calculated
without considering energy constraints imposed either on the
OD or HD diatoms;15 that is, trajectories yielding a diatom
with an internal energy smaller than the zero point vibra-
tional energy have not been discarded. We have observed
that the present results do not change within the statistical
uncertainty by imposing such energy constraint on the HD
product molecule. Interestingly, we have found that the OD
vibrational action is not conserved for most of the trajecto-
ries leading to OD(v850). Thus, the standard binning
method described above may yield integral cross sections
higher than those obtained by quantum mechanical methods.
It would be interesting to test the weighted binning approach
proposed by Bonnet and Rayez71 on the H1D2O and H
1H2O reactions.72
The scattering angle has been defined17,18 as that formed
between the incoming D2O and the outgoing OD molecule.
Differential cross sections ~DCSs! were calculated using the
Legendre moment expansion method,68 with the implemen-
tation of the Smirnov–Kolmogorov statistical test to decide
when to truncate the series. Significance levels higher that
90% were achieved using 3–4 moments, ensuring good con-
vergence, such that the inclusion of more terms did not pro-
duce a significant change. The rotational angular momentum
alignment a0
2 of OD rotational states has been calculated us-
ing the method presented elsewhere.17,73 Finally, the P( f t)
distributions have been simulated using the procedure indi-
cated in Ref. 17 ~see also Sec. III F!.
III. RESULTS AND DISCUSSION
A. Integral cross sections
Figure 1~a! shows the present QCT calculated integral
cross sections ~ICSs! on the YZCL2 PES as a function of
collision energy ~i.e., the excitation function! for the H
1D2O→HOD1D hydrogen exchange reaction. As can be
seen the QCT ICSs at 1.5 eV and 2.2 eV slightly overesti-
mate the experimental values measured by Wolfrum and
co-workers31 but fall within the error bars. The QM excita-
tion function calculated by Zhang et al.9 using the YZCL1
PES is always below the QCT excitation function although
the agreement is fairly good. In contrast, the QCT calcula-
tions by Castillo and Santamaria17 using the OC PES yielded
ICSs much larger than the present ones and the QM ICSs on
the YZCL1 PES at Et,1.5 eV. The large discrepancy be-
tween the excitation functions obtained with the OC PES and
the YZCL1 and YZCL2 PES is to be expected because the
FIG. 1. ~a! Absolute cross sections ~in Å2! for the H1D2O→D1HOD
exchange reaction: d, Wolfrum and co-workers ~Ref. 31!; s, present QCT
results on YZCL2 PES;—QM results on the ZCL PES ~Refs. 9 and 10!. ~b!
Absolute cross-sections ~in Å2! for the H1D2O→OD1HD abstraction re-
action: d, Wolfrum and co-workers ~Ref. 31!; s, present QCT results on
YZCL2 PES; ., QCT results obtained using the WSLFH PES reproduced
from Ref. 15.
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OC PES describes the exchange reaction path quite poorly
due to the lack of ab initio points around this region.3
In Fig. 1~b! the QCT excitation function on the YZCL2
PES for the H1D2O→OD1HD abstraction reaction is com-
pared with the experimental determinations by Wolfrum
et al.,31 the QM wavepacket calculations on the YZCL1 PES
by Zhang and co-workers9 and the QCT calculations by
Troya et al. using the WSLFH PES.15 In this case, all the
theoretical ICSs are in clear disagreement with the experi-
mental ones by almost a factor of 10. The same lack of
agreement has been found for the H1H2O→OH1H2 reac-
tion in the most recent QCT and QM calculations.9,15,17,18 In
any case, the theoretical and experimental excitation func-
tions have a fairly small slope indicating that translational
energy does not promote the reaction effectively.
B. OD quantum state populations
The OD(v850) rotational population distribution gener-
ated via the hot H atom reaction with D2O at 2.48 eV is
shown in Fig. 2~a!. OD(v851) fragments could not be de-
tected under the conditions described in Sec. II. The rota-
tional population data have been averaged over OD spin–
orbit and L-doublet levels. These fine-structure state
averaged populations are in excellent accord with those de-
termined under similar conditions by Wolfrum and
co-workers31 @see Fig. 2~a!#, although the present measure-
ments extend the earlier ones to somewhat higher N8. We
have previously demonstrated that a simple Franck–Condon
model can be used to account almost quantitatively for the
OH and OD rotational population distributions observed at
collision energies close to 1.4 eV.47 By contrast, the OD ro-
tational distribution determined here at 2.48 eV is signifi-
cantly hotter than that reported previously,47 suggesting some
momentum transfer between the highly energetic H atoms
and the DOD moiety at these high collision energies.
Figure 2~b! and Fig. 2~c! show the L-doublet and spin–
orbit population ratios for the OD products of reaction ~2!.
The spin–orbit data have been corrected for differences in
the degeneracies of the two sets of levels: apart from the very
lowest levels, the spin–orbit ratios are close to statistical. By
contrast, the reaction leads to preferential population of the
A8 L-doublet level @see Fig. 2~b!#, behavior which mirrors
that found previously for the reaction ~2! at 1.5 eV,35 and the
H1H2O reaction.30 Enhanced population of the A8 over the
A9 level would be consistent with the conservation of elec-
tronic A8 symmetry during reaction, and a reaction mecha-
nism in which torques exerted on the departing OD moiety
are confined preferentially to the DOD plane. The behavior is
very similar to that observed in the photodissociation of
H2O (D2O) via the A˜ state, although in that case the elec-
tronic symmetry is A9, and it is the OH~OD! A9 L-doublet
level which is overpopulated.74
In Figs. 3~a!–3~c! we compare the experimental OD
quantum state populations ~averaged over the fine-structure
state! with those derived from the present QCT calculations
on the OC and YZCL2 PESs, discussed in Sec. I, and with
previous QCT results obtained by Schatz and co-workers
employing the WSLFH PES.4,15,16 ~Note that the latter cal-
culations were performed with D2O in j52,15 unlike the
present calculations in which rotationless D2O was em-
ployed.! In making the comparisons with the new calcula-
tions we have used the assignment N85 j8, where N8 is the
FIG. 2. ~a! OD(v850,N8) rotational population distribution for the H
1D2O reaction, averaged over OD fine-structure states, determined at a
mean collision energy of 2.48 eV. d, this work; s, Wolfrum and co-workers
~Ref. 31!. ~b! The OD L-doublet propensities determined under the same
conditions. The filled and open circles refer to the P3/2 and P1/2 states of
OD. ~c! The spin–orbit population ratios for the A8 L-doublet levels of OD.
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total angular momentum apart from electron spin, and j8 is
the rotational angular momentum employed in the QCT cal-
culations which treat OD as a closed shell species. As dis-
cussed in Ref. 18, the assignment N85 j8 is justifiable on the
basis of a comparison of rotational energies for N8>5. While
the QCT calculations on all the surfaces agree qualitatively
with experiment, the OC PES overestimates the OD rota-
tional excitation, and, as noted previously,15 it is somewhat
underestimated on the WSLFH PES. It should be borne in
mind that the OC PES also predicts unrealistically high lev-
els of OD vibrational excitation,17 which are not observed
experimentally ~a fact which is evident in the energy disposal
data to be presented below!. The YZCL2 PES provides al-
most quantitative agreement with the experiment. Small dis-
crepancies between experiment and QCT prediction for low
N8 values are perhaps not surprising, given the neglect of the
open-shell nature of the electronic structure of OD.18
C. Rotational angular momentum alignment
Rotational alignment data ~transformed into the center-
of-mass frame as described in Sec. II! obtained at a mean
collision energy of 2.48 eV are presented in Fig. 4 as a func-
tion of OD(v850) quantum number N8. Figure 5 shows
analogous alignment parameters for the H1D2O reaction at
a collision energy of 1.4 eV. At both energies the OD prod-
ucts are born with near zero rotational alignment. In making
these measurements we have employed the A9 L-doublet
level to determine the alignment probed via the Q1↑ branch,
which is the most sensitive branch to rotational alignment
effects. However, separate experiments, in which we have
probed the rotational alignment of the OH products gener-
ated by the H1H2O reaction at 1.4 eV, suggest that the
alignment parameters are relatively insensitive to the
L-doublet level probed.75
Several factors might be responsible for the low rota-
tional alignment observed experimentally. It is worthwhile
considering first what one would expect if OD behaved as a
pure spectator during reaction. In the room temperature bulb
experiments, the angular momentum as well as the spatial
orientation of the D2O molecule is isotropically distributed.
In the pure spectator limit, OD product rotation would come
exclusively from the zero point bending and overall rota-
tional motion of the reactant D2O molecule, and would be
aligned with respect to the D2O plane. Let us suppose the
reaction probability to be independent of the alignment of the
D2O target molecule with respect to the reactant relative ve-
locity vector. Under these conditions of zero reagent stereo-
selectivity, transfer of angular momentum from the D2O re-
actant to the OD product would generate negligible OD
rotational alignment, since the distribution of reactive D2O
planes would be isotropic.
Under the present high collision energy conditions, the
OD rotational excitation observed in Fig. 2~a! is significantly
greater than that predicted in the spectator limit47 ~see pre-
ceding section!. OD product rotational angular momentum
does not result purely from thermal or zero-point motion of
the parent molecule: some momentum transfer occurs be-
tween the H atom and the D2O target molecule. However,
even in the absence of spectator dynamics, it seems reason-
able to suppose that the rotational alignment of the OD prod-
uct will be correlated with the plane of the reactive D2O
target molecule, since torques exerted on the departing OD
moiety are likely to be confined to the DOD plane. Thus, if
FIG. 3. ~a! Comparison between the experimental and QCT calculated ro-
tational quantum state distribution for the title reaction at 2.48 eV. The QCT
data employ the YZCL2 PES, and we have made the quantum number
assignment N85 j8 where j8 is the classical rotational angular momentum,
and N8 is the total OD(2P) angular momentum, apart from electron spin
~see text for details!. ~b! As in ~a!, except that the QCT calculations employ
the WSLFH PES, and have been read off Fig. 6~a! of Reference 15. ~c! As
in ~a!, except that the QCT calculations employ the OC PES. Note the
change in x-axis scale compared with ~a! and ~b!.
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the reaction probability were again independent of the align-
ment of the D2O target molecule ~as discussed above!, this
would be sufficient to generate near-zero OD alignment,
since on average the torque exerted on the OD moiety would
be isotropic.
In Figs. 4~a! and 4~b! we compare the experimentally
measured alignments with those derived from the QCT cal-
culations at 2.48 eV on the YZCL2, and OC PESs, while in
Fig. 5 the results at 1.4 eV are compared with the previous
calculations by Schatz and co-workers16 using the WSLFH
PES.4 In contrast with the latter work, the present calcula-
tions on the YZCL2 and OC PESs do not include the thermal
rotational excitation in the target D2O molecule. Inclusion of
this motion is likely to reduce the magnitude of the calcu-
lated OD alignment from that shown for the YZCL2 and OC
PESs in Fig. 4, but as seen from the calculations on the
WSLFH PES16 ~reproduced in Fig. 5!, it is unlikely to wash
out the alignment completely, particularly at high N8. The
OC and YZCL2 surfaces predict quite distinct alignment be-
havior: the OC PES probably performs worst in comparison
with experiment, perhaps not surprisingly in the light of its
deficiencies in accounting for the OD rotational excitation
~see preceding section!. The alignment parameters predicted
using the WSLFH PES at 1.4 eV have been discussed previ-
ously by Schatz and co-workers,16 who found that the in-
creasingly negative alignment values observed with increas-
ing N8 could be ascribed to the increasing importance of a
rebound mechanism.16 Such a mechanism might also be re-
sponsible for the large negative alignment seen on the OC
PES. It is tempting to speculate that the slight positive align-
ment generated on the YZCL2 PES reflects the fact that out-
of-plane ~i.e., the DOD plane! collisions are more reactive on
this PES compared with the other two PESs. Such out-of-
plane collisions could provide a mechanism whereby j8 was
aligned preferentially parallel to k.
D. OD quantum state-resolved angular scattering
distributions
Composite Doppler profile data are shown in Fig. 6, to-
gether with the fits and the residuals to the data obtained
using the procedures outlined in Sec. II. Although the residu-
als to the anisotropy dependent profiles ~shown in the right-
hand panels! retain some very slight structure, the latter be-
comes almost undetectable when plotted on the same scale as
the speed dependent composite profiles ~shown in the left-
hand panels!. While the general features of the CM distribu-
tions derived from the analysis ~shown below! were unal-
tered by inclusion of extra fitting parameters, better fits could
be obtained by further increasing the size of the basis set. We
have erred on the side of caution, and employed the smallest
basis set which gives a satisfactory fit to the data.
FIG. 4. ~a! d, rotational alignment parameters, a02 ~equivalent to ^P2(kj8)& in the high-J limit! for the OD products of the H1D2O reaction at a
mean collision energy of 2.48 eV. All data are for the A9 L-doublet level. s,
QCT calculated rotational alignment parameters for the title reaction at 2.48
eV employing the YZCL2 PES. ~b! As in ~a!, except that the QCT calcula-
tions employ the OC PES. Both QCT calculations employ rotationless D2O
reactants.
FIG. 5. d, As Fig. 4, but the rotational alignment parameters are for the OD
products of the H1D2O reaction at a mean collision energy of 1.44 eV. s,
QCT calculated rotational alignment parameters for the title reaction at 1.4
eV employing the WSLFH PES ~Ref. 16! ~the data have been read off Fig.
2 of Ref. 16!. Note that the calculations of Schatz and co-workers employ
D2O with initial angular momentum j53 ~Ref. 16!.
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The CM angular scattering distributions derived from
the fits to Doppler profile data for reaction ~2! are shown in
Figs. 7 and 8. For clarity of presentation, the Monte Carlo
determined errors in these distributions have been shown
only at selected values of cos ut .54 Figure 7 shows the angu-
lar scattering distribution for the OD(2P1/2 ,v850,N8
51,A8) products of the title reaction, while Fig. 8 shows the
corresponding distribution for the OD(2P3/2 ,v850,N8
56,A9) products. In both cases the angular distributions are
peaked preferentially in the forward direction, but also have
significant components in the sideways direction.
In the same figures the angular distributions are com-
pared with QCT calculated data on the YZCL2 and OC
PESs. The QCT results in Figs. 7 and 8 represent averages
over trajectories leading to OD in levels 0< j8<2 and 5
< j8<7, respectively. Although the QCT calculations on nei-
ther PES predicts forward peaking angular distributions,
those calculated on the YZCL2 PES more closely resemble
the experimental data, particularly for the more highly prob-
able OD channel generating (v850, N856) fragments. For
this channel the agreement is nearly perfect, apart from in the
extreme forward scattering direction. The agreement with the
N851 data is poorer than for N856, but it should be noted
that the former channel is a fairly minor one at these colli-
sion energies. @It should also not be forgotten that the experi-
ments for OD(v850,N851) probe the upper P1/2 spin–
orbit state, while those for N856 probe the lower P3/2 spin–
orbit state. Spin–orbit effects are of course neglected in the
calculations, but OH spin–orbit state dependent differential
cross sections have been observed for the reaction H
1CO2 ,76 and cannot be ruled out in the present system.# The
OC PES predicts predominantly backward scattering, at vari-
ance with experimental observation. There is a tendency for
the dynamics on both PESs to become slightly more rebound
in character as the rotational angular momentum of the OD
increases, behavior noted previously by Schatz and co-
workers on the WSLFH PES.16 This trend in scattering be-
havior has been observed previously in our experiments per-
formed at the lower collision energy of 1.4 eV for both H
1H2O and H1D2O,46,47 but the current experimental data
for H1D2O at 2.48 eV show no convincing trend with N8
within the combined errors of the measurements.
E. HD quantum state populations
QCT calculated HD vibrational and rotational popula-
tions are presented in Table I and Fig. 9, respectively. HD
FIG. 6. Experimental composite Doppler resolved profiles for ~a! the
OD(P1/2 ,v850,N851,A8) and ~b! OD(P3/2 ,v850,N856,A9) products of
the H1D2O reaction at a mean collision energy of 2.48 eV. The data on the
left are the LAB speed dependent composite profiles, and on the right are
the LAB translation anisotropy dependent profiles. The smooth lines through
the data are the fits obtained using the basis function methods described in
Sec. II.
FIG. 7. ~a! Comparison between the experimental and QCT calculated an-
gular scattering distribution for the OD(P1/2 ,v850,N851,A8) products of
the title reaction at a mean collision energy of 2.48 eV. The QCT data
employ the YZCL2 PES for reaction yielding OD(v850,0< j8<2). ~b! As
in ~a!, except that the QCT calculations employ the OC PES. The experi-
mental error bars represent 2s.
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populations have not been determined directly experimen-
tally in the present work, but as discussed in the next section,
analysis of the Doppler-resolved profiles allows the kinetic
energy release distribution to be determined, which by en-
ergy conservation reflects the internal energy disposal in the
HD co-product. Direct comparison of the QCT results can be
made with the HD population measurements of Zare and
co-workers,34 who used REMPI techniques to probe the HD
products. As described in detail both in the original paper by
FIG. 8. ~a! Comparison between the experimental and QCT calculated an-
gular scattering distribution for the OD(P3/2 ,v850,N856,A9) products of
the title reaction at a mean collision energy of 2.48 eV. The QCT data
employ the YZCL2 PES for reaction yielding OD(v850,5< j8<7). ~b! As
in ~a!, except that the QCT calculations employ the OC PES.
TABLE I. Comparison between the QCT calculated HD vibrational popu-
lation distributions determined on the YZCL2 and the OC PESs at a colli-
sion energy of 2.48 eV. Note that at collision energies centered around 2.7
eV Zare and co-workers determined the HD vibrational populations for v8
50:1:2 of 0.47:0.45:0.08 ~Ref. 34!. Statistical errors are typically less than
60.02. Also included for comparison are QCT results on the WSLFH PES
~Ref. 15!, which have been taken from Fig. 4 of Ref. 15.
PES v850 v851 v852 v853
YZCL2 ~this work! 0.49 0.37 0.13 0.01
OC ~this work! 0.61 0.28 0.09 0.02
WSLFH ~Ref. 15! 0.44 0.51 0.05 0.00
FIG. 9. HD(v852) rotational population distributions generated on the ~a!
YZCL2, ~b! WSLFH ~Ref. 15!, and ~c! OC PESs at a collision energy of
2.48 eV. The solid line in each figure is the HD(v852) rotational distribu-
tion determined by Zare and co-workers ~Ref. 34! at collision energies cen-
tered around 2.5 eV. The data for the WSLFH PES have been read off Fig.
5~c! of Ref. 15, for which the initial conditions also include a minor 30%
contribution from slow H atoms with a collision energy of 1.55 eV
~Ref. 15!.
1170 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Brouard et al.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
130.56.106.27 On: Mon, 12 Oct 2015 05:06:47
Zare and co-workers,34 and by Schatz and co-workers,15 who
undertook extensive QCT calculations to model the Stanford
experiments, the one color REMPI study sampled a range of
collision energies. However, the experimental rotational
population data for v852 were acquired under conditions
which approximate quite closely the 2.48 eV fixed collision
energy conditions of the present QCT calculations. In Fig. 9
the HD(v852) rotational populations computed for the
YZCL2 and OC PESs are compared with the experimental
results of Zare and co-workers.34 Also shown are QCT data
for the WSLFH PES, which have been read from Fig. 5 of
Ref. 15. As noted in the more detailed comparison performed
by Schatz and co-workers over all populated HD vibrational
states,15 the WSLFH PES tends to overestimate the HD(v8
52) rotational excitation,15 whereas it is underestimated
slightly by the OC PES. The YZCL2 PES predicts rotational
excitation somewhere between the two other PES, but the
rotational distribution derived from this PES is also slightly
hotter than observed experimentally.
The HD vibrational quantum state distributions predicted
on the OC and YZCL2 PESs are shown in Table I, where
they are compared with the previously calculated populations
derived on the WSLFH PES.15 In contrast with the HD rota-
tional excitation, the predictions using the WSLFH and
YZCL2 PESs are in reasonable agreement with respect to the
HD vibrational excitation. Both PESs also yield vibrational
populations which seem reasonably consistent with those de-
termined experimentally by Zare and co-workers34 at colli-
sion energies centered around 2.7 eV. This conclusion is sup-
ported by the more detailed analysis performed on the
WSLFH PES by Schatz and co-workers.15 The OC PES pre-
dicts a significantly colder vibrational distribution than ob-
served on the more recently developed YZCL2 and WSLFH
PESs.
F. Kinetic energy release distributions, and energy
balance
Analysis of the composite Doppler profile data as de-
scribed in Sec. II yields OD quantum state-resolved kinetic
energy release distributions, which by energy conservation
reflect the distributions over internal energies in the unob-
FIG. 10. ~a! Comparison between the OD(P1/2 ,v850,N851,A8) kinetic
energy release distribution determined here at a mean collision energy of
2.48 eV, with that derived from the HD(v8, j8) quantum state populations
determined by Zare and co-workers ~Ref. 34! ~which are averaged over all
OD quantum states!. Note that the latter one-color experiments sampled a
range of collision energies, centered around 2.70 eV. See text for details.
The sticks at the top of the figure mark the fractional kinetic energy releases
for HD products born in j850 and v850, 1, 2, and 3. ~b! As for ~a! except
for OD(P3/2 ,v850,N856,A9).
FIG. 11. ~a! Comparison between the experimental and QCT calculated
kinetic energy release distribution for the OD(P3/2 ,v850,N856,A9) prod-
ucts of the title reaction at a mean collision energy of 2.48 eV. The QCT data
employ the YZCL2 PES. ~b! As in ~a!, except that the QCT calculations
employ the OC PES. In each figure, the kinetic energy release distribution
has been derived from the HD(v8, j8) quantum state populations determined
in the QCT calculations, using the method described in the text.
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served HD co-product. These are shown in Fig. 10 for the
two quantum states probed here. The distributions are very
similar in each case, and vary little with OD quantum state.
As noted previously,47 the experimental error bars in the ki-
netic energy release distributions tend to become larger at
high f t values. We believe this to be an inherent feature of
the experimental technique: fast moving products have large
Doppler shifts, and therefore contribute less to the amplitude
of the LIF signal. This effect is implicitly accounted for in
the Monte Carlo error analysis procedures.54 The combs
shown in Fig. 10~a! indicate approximately the f t values of
the HD vibrational states for jHD50.
Given that the HD rovibrational quantum state popula-
tions have been determined directly using REMPI at colli-
sion energies quite close to those used here, it is important to
establish that our own indirect measurements are consistent
with this previous work.34 To this end we have simulated the
kinetic energy release distribution based on the population
measurements of Zare and co-workers.34 The procedure fol-
lows that adopted previously, and is described fully in Ref.
17. For each HD quantum state, the value of f t is evaluated
~see below!, and the plot of quantum state population versus
f t is then convoluted with a Gaussian with a width chosen to
mimic approximately the experimental energy resolution. In
evaluating f t we have accounted for the range of collision
energies in the REMPI study34 by assuming that HD prod-
ucts born in v850, 1 and 2 arise from collision energies of
2.85 eV, 2.65 eV, and 2.48 eV, respectively.15,34 We have
neglected a minor 10–30% contribution from slow H-atoms
~which are generated in conjunction with spin–orbit excited
I* atoms in the photolysis of the HI precursor employed in
the Stanford experiments34!, since their contribution will be
further diminished by the reduction in the relative velocity,
and the lowering of the reaction cross-section with decreas-
ing collision energy.34
The simulated kinetic energy release distribution is
shown as the dashed curve in Figs. 10~a! and 10~b!. The
agreement with the present measurements can be considered
excellent, given the different initial conditions sampled in the
two experiments. The P( f t) distribution derived from the
HD populations of Zare and co-workers is slightly colder
translationally ~i.e., it peaks at somewhat lower f t values!
than the distributions measured here, but this we believe is
consistent with the fact that the average collision energy of
the REMPI experiments ~;2.7 eV! is significantly higher
than that used in the present study ~2.48 eV!. Comparison
between the present results at 2.48 eV and those published
previously,46,47 which sample a collision energy close to 1.4
eV, suggests that the HD internal excitation increases quite
dramatically with increasing collision energy. The compari-
son between the present measurements and the direct experi-
ments of Zare and co-workers34 are entirely consistent with
this observation.
In Fig. 11 we compare the experimental kinetic energy
release distribution for OD(v850,N856) with those derived
via QCT methods on the OC and YZCL2 PESs. Unlike the
other data we have shown, here the agreement with theory is
best with the OC PES ~recall that this is the same PES that
provides particularly poor energy disposal data for the OD
product!. Although the problems with the QCT calculations
on the YZCL2 PES are most likely to be associated with
defects in the PES, particularly at these high energies, it is
possible that quantum effects significantly influence the HD
vibrational quantum state populations. It should be noted that
quite small shifts in the HD rovibrational populations ~simi-
lar to those predicted by the different PESs shown in Fig. 9!
can have a significant effect on the P( f t) distributions, be-
cause of the wide rovibrational energy level spacing in HD.
The kinetic energy release data have been used to calcu-
late the mean energy disposal in reaction ~2!. The averaging
over OD internal quantum states is approximate because in
the experiments the translational energy releases have only
been determined for two OD quantum states. However, given
that the kinetic energy release distributions are fairly insen-
sitive to OD quantum state ~see Fig. 10!, we believe that the
OD quantum state averaged energy disposal data should be
reliable. The data are shown in Table II. The experiments
indicate that at a mean collision energy of 2.48 eV around
66% of the available energy is channeled into product trans-
lational excitation. The table serves as a convenient summary
of the strengths and weaknesses of the QCT calculations on
the various available PESs ~note that the data for the WSLFH
PES is taken from Ref. 15!. Consistent with previous
findings,15,17 the OC PES significantly overestimates the OD
excitation, while the WSLFH PES overestimates the HD ro-
tational excitation.15 Once more the YZCL2 PES provides
the best global fit to the experimental data.
IV. CONCLUSIONS
We have presented fully quantum state-resolved OD an-
gular scattering and kinetic energy release distributions for
the hot H atom reaction with D2O at a mean collision energy
of 2.48 eV. OD quantum state population distributions and
rotational alignment parameters, as well as quantum state-
averaged internal energy disposals have also been reported
TABLE II. Experimental and QCT calculated energy disposal data for the H1D2O abstraction reaction at the
mean collision energies quoted. The data on the WSLFH PES are taken from Table VIII of Ref. 15.
^ f t& ^ f rOD& ^ f vOD& ^ f intHD& ^ f vHD& ^ f rHD& Et /eV Ref.
0.8060.10 0.0760.01 0.0060.02 0.13 &0.05 1.44 47
0.6660.05 0.0560.01 0.0060.02 0.29 2.48 This work
0.35 0.1360.03 0.2260.05 ;2.7 34
0.6060.02 0.0460.001 0.00360.001 0.36 0.1360.004 0.2360.01 2.48 YZCL2
0.5660.02 0.1060.01 0.1160.01 0.23 0.1160.01 0.1260.01 2.48 OC
0.3560.01 0.0360.02 0.0 0.62 0.1760.02 0.4560.05 2.45 WSLFH ~Ref. 15!
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under the same conditions. The experimental data provide a
stringent test for QCT scattering calculations, and of the po-
tential energy surfaces they employ. Detailed comparisons
have been made with the results of QCT calculations on the
OC PES,3 on the present version of the YZCL2 PES, and
with previous QCT calculations from the group of Schatz
and co-workers,15,16 who employed the WSLFH PES.4 Re-
finements to the YZCL2 PES which increase its accuracy at
high collision energies Et<2.5 eV are also described. Over-
all the experimental findings are accounted for best by the
most recent YZCL2 PES. Apart from the kinetic energy re-
lease distribution, the agreement with the data for this PES
are nearly quantitative. It will be of interest to see whether
QM scattering calculations7,24–28 on the most recent
PESs3,4,9,10 can resolve some of the remaining areas of dis-
agreement between experiment and theory. Further experi-
mental work, particularly to define more precisely the
HD~H2) quantum state populations as a function of collision
energy, would also be desirable.
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